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ABSTRACT

Rates of lonic mass transfer at nickel electrcdes
rotating about their axes in the center of stationary
electrodes were studied using the ferri-ferrocyanide
couple in alkaline solutions. A general mass transfer
correlation was found to apply equally well to the dis-
solution rates of rotating solids and to the rates of
ionic mass transfer at rotating electrodes. This cor-
relation takes into account the physical properties of
the system as well as geometric and hydrodynamic faotors,
The correlation enables the predioction of iiniting our-

. rents and concentration polariration at rotating elec-

trodes under a wide range of conditions,

The nature of the polarization involved in the
reduction of Fe(CN)'® and the oxidation of Fe(CN)f* was
also investigated. The polarization.was found to depend
ltrongly on the presence of "electrode poisons.” With
freshly prepared solutions, under exclusion of light and
with cathodically treated nickel electrodes relatively
small chemical polarizations were determined., For rota-
tional speeds not exceeding Reynolds number 11,000, the
chemiocal polarization was found to be ' nogligicio in oom~

_parison with the concentration polarigation. Under such

conditions the ferro-ferricyanide couple can be conveni-
etly used to obtain mass transfer rates for various
hydrodynamic conditions, or, conversely, to verify the
validity of mass transfer equations by a éomparison of
experimental and celculated walues of limiting ciirreats
and concentration polarization.,

The rotating slectrode model was found to be
most suitable for studying the nature of electrolytioc -
polarigation phonomena on account of the uniformity of
the current distribution as well as of the hydrodynamic
diffusion layer at the electrode surface.
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I. INTRODUCTION

The study of mass transfer at working electrodes has been
found to be of fundamental importance (1, 2) in the analysis of
electrode phenomena and in the consideration of concentration
polarizatira, limiting currents and rates of electrode reactions.
In recerc years several typical cases have besn analyzed by means
o' *... methods of hydrodynamics and boundary layer theory, and for
a few models experimental results were successfully correlated
(1, 2). The effect of natural ccnvection in electrolysis was
quantitatively evaluated among others by Wagner (3) and Wilke et
al. (4). The case of rotating disc electrodes was treated mathe-
matically by Levich (6). This theory is applicable as long as the
diffusion boundary layer at the disc is laminar. Along the lines
sugaested by Ager (6), Lin et al. (7) correlated limiting current
densities for the inner electrode of an annular cell with stream-
line end turbulent longitudinal flow. An extension of this study
for laminar and fuéﬁulght flow along flat plate electrodes was
rooentii completed by Lin et al, (8).

' The present investigation ‘is concerned with cylindrical cen-
tral electrodes fotating in concentric cylindrical cells. Among
the many possible methods of stirring the case of a rotating elec-
trode is most notevorthy not only because it affords experimental
reproducibility, but also because it of”irs tho application of
methods of hydrodynamics and maas momentum tiansfer analogy in
the interpretation and correlation of data (9, 10, 11l). The
theoretical analysis of this problem in case of electrodes is
further facilitated by the uniformity of current distridution

resulting from the geometry of concsntric cylindrical electrodes
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and the uniform thickness of the diffusion layer formed on the
rotating electrods, ’

In recent years rotated eslectrode suriaces have found a nmum-
ber of applications in chemical analysis as well a3 in corrosion
studies as a parallel tool to the polarographic methods (12, 13).
Industrial applications of this forced convection model are xnown
and further important uses are Qnticipated.

The effect of the speed of rotation upon the rate of mass
transfer was first studied by Brunner (14, 15). He found that the
diffusion layer thickness, %, decreases with the 2/3 power of the
spses. However, he considered neither the effect of rotor diame-
ter or geometry nor the dependence on the physical properties of
the electrolyte. Therefore only qualitative conclusions can be
drawn from these experim&ntal results.

Bucken (16) has analyzed the effect of laminar flow forced

convoction'upon the rate of mass transfer at an slectrode. In his

experiments the external vessel confaining the solution was rotat- '

ed, and laminar flow past the fixed inner flat plate electrods re-
sulted, Eucken's mathematical analysis is valid only for this par-
ticular condition. Kambare et al, (17) have adapted Bucken's
treatment to the csse of a 0,5 mm diameter platinum wirs sleoctrode
projecting perpendicularly 6 mm from the axis of a rotating glass
rcd, .In the derivation the assumption is made that the veloolity
gradient at the olectrbdo surface is proportional to the rpm. This
is valid in the case of Eucken's model, where laminar flow exists
in the entire region of flow, but 1a linadmiaal ble for the turbulent

fiow case, where laminar flow is rostricfod to the boundary layer
adjacent to the electrode surface.
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For the sake of clarity henceforth the term "rotating elec-
trode" will be used only in reference to cylindrical electrodes
rotating about their axis in the center of a staticnary ciroular
cylindrical electrode. Recently Reold and Beck (18) have used
such rotating electrodes in a study of rates of dissolution of
magnesium and its alloys in hydrochloric acid solutions. They
found that the rates of dissolution increase in the region of low
acid concentrations with the 0,71 power of the speed of rotation.
At higher acid concentrations {l.4 meliar and higher) the rsaction

rates become entirely independent of rotational speeds, as the

stirring effect produced by the hydrogen bubbles evolving at the

metal interface becomes predominant. This stirring effect, how-
ever; should not be ignored even at low acld concentrations because
of turbulenco caused by the hydrogen bubbles moving in the boundery
layer adjacent to the dissolving magnesium rod. For this reason
the work of Reald and Beck represents a rather special case of
forced convection mass trsnarer;

The present work was undertaken with the following aims in
mind:

(a) To estabplish correlations between the physical proper-
tles of a system, gecmetrisal and hydrodynamic conditions, and the
rates at which a solute (ion) is trancferred to or from a rotating
electrode.

(b) To determine whether such general mass tranatef correla-
tions anable the prediction of concentration. polarization and

limiting currents in steady state elesotrolysis.
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II. EXPERIMENTAL

To assurs the latter objective it was important to chooss an
electrode reaction which occurs with negligible ohemical polariza-
tion. For such an electrode process the total measured polariza-
tion (AET) would represent ccncentration polarization (AEoono)
only, and would make a comparison between theoretical prsdiction
and experiment possible, However, most of the known electrode re-
actions take place with considerable chemical polarization (AEc;: .
when finite currents are passed. Some oxidation-roduotion reac-
tions have long been suggested by 1nveatig§tors (19, 20, 21) to
occur with negligible chemical polarization. In a more recent
study Moll (22) found no msasurable chemical polerization for the
ferrocs-ferric souple at gold and platinum elestrodes freshly
treated by hydrogen and oxygen discharge. Essin and coworkerq (23)
made similar studies on the terrooytnide-rorriojaﬁido o;uplo.at
platinum and nickel electrodes and concluded that there 18 no ap-~
preciable chemical polarization "when the metal is free of all
£11m that may form on the surface." Carmody and Rohan (24) on the
other hand have reported a measurable chemi cal polarization for
this lattsr system on platinmum. A similar conclusion was arrived
at by Petrocelli and Paolucci (25) who studied this couple up to
current densities of 25 mA/om®, They found, hcwever, that
"cathodic activation,” i,e. & hydrogen dischargs treaiwent of the
elootrode, tends to decrease chemical polarization, .

Por the purposes of this study smoothness otlthe'eleotrodo
surface was important because of hydrodynamic considerations. 1In
a redox electrolysis, unlike in a metal-depoeition process, the

slestrode surface remains physically unnltered.. Another advantage
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of the redox reaction is that steady state electrode potentials
are arrived at in much aborter time than in a deposition reaction.

These findings in addition to stability considerations of
several contemplated couples resulted in the selection of the
ferricyanide~ferrccyanide couple and nickel electrodes for the
present studies. A large excess of sodium hydroxide was used in
order to eliminate the contribution of ionic migration to ;he
mass transfer (1). |

Solutions of potassium ferri~- and ferrocyanide and particu-
larly the ferrocyanide, are known to decompose slowly by the
action of light resulting in the formation of cyanide and

hydroxide ions acoording to the following equations (26, 27):
- ight s
[Fe (CN) ] 4, HaO %[E‘ (cN)r;] .+ CN

CN™ + Hyo 2———> HCN + OH™

In alkaline solutions kept in darkness the decomposition of these
ocyanide ccmplexes is practically eliminated (28). Solutions used -
in these studies were freshly propar‘d for each series of runs in
black Jena glass bottles.

A. Apparatus and Procedure

A ooncentric cylindrical -cell, 6.16 inches high, built from %
aorylic plaatic (lucite) was equipped with grooved endplates which
could hold as desired one of the three cylirdricasl plastic tubes
nal diameter £.48, 4.00 and 5.47 inches. ({(See Figures 1
and 2,) A g-inch diameter stainless steel driving shaft passed
through a teflon packing gland through the top plate and was
equipped with a l/l-inch standard thread allowing the nickel elec-
trodes of various diameters (1,273%, 2.48 and 5,024 om) to be

screved onto it, The rotated electrode was supported from the
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bottom by a guide pin and teflon lining in order to eliminate
ecoentrioc motion. The concentric outer cylindrical nickel elec-
trodes {of inside diameter 68,07, 8,87 and 13.69 om), all 15.11 om
long, were fitted tightly into the correaponding lucite tubes,
(See Figures 1 and 2). The cell was made liquid tight with neo=-
prene rubber gaskets placed into the grooves, A ground glass joint
thermometer fitted into the top plate with its bulb reaching about
3/4 in. into the cell interior. The entire assembled cell with
supperting atructure designed to eliminate vibrations is shown 1n
Figure 3.

The electrodes permitted a variation of the ratio of gap to

the diameter of the inner electrode (h/di) ranging from 0,104 to

4,88. A ludite nipple on the top plate of the assembled cell was
acrewed into a small tapered hole which on the inside of this
plate ended with a 174 mm diameter and was located at a distance
of 2,641 om from the axis of the cell. (Figﬁre 4.) Through this
hole snd a piece of jolyethylene tubing & continuous liquid junc-
tion led to reference cell No, 1 equipped with a nickel electrode
and filled with the same solution as that in the electrolytic cell.
Reference cell No. 2 was connected with the cell by means of a
teflon nipple leading through the center of the ?uoitq oylinder
and ending flush with the inner side of the cutside electrode with
a 1/4 mn hole. Such arrangements of the liquid junction leading
to the reference electrodes are prefesrable for twe rcasons;: (a)
the flow pattern in the celil remains undisturbed; end (b) a dis-
tortion of the current distribution over the electrode surface is
avoided,

As ocan be seen from the diagram in Figure 4, a potential
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measurement of the rotating electrode by means of the reference
electrode No. 1 involved an ohmic potential drop over the anmular
solution space betwesn ths radius ry of the rotating electrode and
the dletance of 2,54 om at which the small opening leading to that
reference cell was located. For a total current, i, this ohmio

drop was therefore

$ 2,54
Ra) " zaxm 1™ 77, )

where R = resistance, ohms,
ry = radius of rotated inner electrode used, om,
KM = height of the cell, here 156.11 om.

K = conductivity of the solution, ohm™L

cem™t,
Similarly a potential measurement of the rotated electrode

by means of the reference No. 2 involved an chmic drop given by:

(2) = BWLB P F] (1)

Since r , the internal radius of the outer electrode, was either

6,84 om (Series I of runs), 4,94 om (Series II of runs) or 3,036

‘ om (Series III of runs), the ohmic drop could be computed more

reliably by equation Ib, i,e. using reference No. 2. This is par-
tioularly true as a small geometrical misalignment will cause a
lesser relutive error in the ratio ro/r1 of equation Ib,

In all runs potential measurements of tne rotating eiectrode
were taken by means of both reference junctions selected one at a
time with switch S«1 (Figure 4)., The net values obtained after
subtracting 13(1) and 1R(2)-dropa respectively rarely differed by
more than 1%. However, for reasons stated above, in moat cases

measurements with reference electrode No, 2 were preferred over

an arithmetio avefage of the two measurements.
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The electrical connection to the rotating electrode was ac-
complished by means of a mercury well (W in Figure 4)., A copper
sontact gorew provided the connection to the outer stationary
electrode, The current was measured with a D.C., milliammeter>
or & D.C, ammeter.z All ammeters were carefully calibrated by
means of atandard resistors. Selector switch S-2 (Figure 4) per=-
mitted measurements of the potential by either of the following
instruments:

3

a. Recording potentiometer” with five ranges, the largest

being up to 600 mV,

4

b, Manual potentiometer,” using a2 high sensitivity

galvanometer as a sero 1natrument;5
The recorder was usuelly used firat_to ascertain that a steady
state polarization was achieved and then the final value was
measured accurately by means of the manusl potentiomaﬁer{

Sodium hydroxidé; 2 N, was used as neutral electrolyte in ﬁhe

preparation of five approximately equimolar potassium ferricyanide .

and potassium ferrocyanide solutions in the concentration range of
0.00§ to 0,204 mols per liter; C.P. reagents® were usea through-
out. These solutionm were prepared freshly prior to use and kept
in black Jena glass bottles to minimize the effssts of 1ight (see
previous discussion). Slight changos in ooncentrations of ferri-

and rprrodyanide ions caused by use of a solution up to limiting

weaton (Hodel 45).

2oenco (Model 6935).

Suinneapolis Honeywell Go: {Mcdel Y-163-X=12).
4100ds and Northrup, type K-2 (Model No, 7552).
SLeeds and Northrup (No. 2430).

6l(erok and Co,
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current densities were foliowed up by a strict analytical control.
Ferricyanide was determired by the iodometric procedure (29) and
the ferrocyanide by permanganate titration (30).

Before introducing into the cell each solution was alternate-
ly de-aerated in a glass column by means of vacuum and saturated
with nitrogen several times to remove the dissolved oxygen. The
presence of a ccnsiderable amount of dissolved oxygen in the cell
would have interfered with the electrode reactions of the ferri-

ocyanide and rerrocyanide, particularly at low concentrations.

Furthermore it was felt that in absence of oxygen the nickel Qlec-

trodes would remain longer in an “active" state.

Prior to each aasembling of the cell the amooth eleotrod?a
were polished with rouge paper, washed with CCl, and treated
cathodically in a 5% NaOH solution at a current density of 20
mA/om® for 12-15 mimtes,

The assembled cell was filled with a given solution at
approximately 25°C, the inner electrode set into rotation at a
selected speed. The value of the electrode potential at no
current flow (ZCP) was measured with both referencss. These
were later subtracted (with proper sign) from the "at current"”
values. Thus any "static" potentilal differences due to differ-
ences in suriace structure of the Qlectrodea could be accounted
for, A relatively small current was then applied and the poten-
tial of the rotating electrode followed up by mceans of one of the
two reference electrodes and the recording potentiometer until

steady state was achieved. The final valuss were than meamired

with the manual potentiometer using both.reference eleoctrodes

consecutively., Steady state polarization was obtained within a

A e s nte 2
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few seconds at high speeds and within 2 to 3 mimutes at low speeds.
Ashievement of the steady state, while not essantial for the'deter-
sination of limiting currents, was important for the subsequent
oalculat}ona of chemical polarization, A reliable comparison of
the concentration and chemical polarization can be made only under
steady state conditions. Current was increased in small increments
until the limitirg ocurrent, notsd by a sudden rise in potentiai,
was attained, At a given speed each run was first completed with
the rotor as fho cathode. Then the polarity was reversed and a
run was ocarried out with the rotor as the anode. When a geries of
runs with speeds ranging from 30 to 1650 rpm was ccmplete tho'cell
was taken apart, the eiectrodes treated, as leaoribed previously,
and reassembled with another electrode diameter but with the same
inner électrods. Thus the effect of the gap between the concen-
tric cylindrical electrodes was studied for a given spiution,

given diameter of the rotating electrode and given anéular velooci-

‘ty. The temperature of 25°C = 0,3 was maintained by‘blowing pre-

heated or precooled air on the outside of the cell., Physical
properties required for correlative study were determined for each
of the solutions within the temperature range 20-305 c.
Gonductivities were measured in a conventiconal conductivity
cell, calibrated with a 0,9996 molar KCl aolufion, using an audio-

1

oscillator™ as a power scurce for 1000 cycles A.C,, a Wheatstone

2.35 a gero instrument,

bridge and an oscilloscope
Viscosities of the solutions relative to water were measured

at several temperatures in a thermostat with an Ubbelohde pipette,

1Hov19tt-Packard Model 200 C.
%RCA No. 1564,
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and the absolute viscosities calculated using densities obtained
by plcknometer determinations.
Diffusion cosfficients for the ferri-ferrocyanide ions were

measured by means of thes capillary method (31).

B. Methods of Caloculation

1, Jonic Maas Transfer

The potential values obtained for each rin were firat cor-
rected by subtracting (with proper sign) the zero purrent potentidal
(ZCP) differences and the corresponding iR drops calculated by
means of equatian I. These net resulting values repreasented the
total polarization, AE,. From the known areas of the rotating
eleoctrodes the current densit’es were calculated and plots of cur-
rent density, I (mA/om®) versus total polarization; AE, (mV) were
prepared. The limiting current densities were then determined for
each run at the plateau of the curve, i.e. as the value at which a
small increment of current caused a sudden rise ot=pdtent1a1. At
this point in ocase of cathodic ferricyanide reduction Tuns, the
consecutive electrode process was hydrogen evolution. This, how=-
ever, did not take place before the potentials exceeded 600-700 mV,
For anodic oxidation of ferrooyanide the plateau was shorter as
the consecutive reaction (t.e‘:oxygon evolution) took place at
4E;, values of 200-260 mV, As illustrations Figures 6 and € show
sets of cathodic and corresponding anodic rune for solution 30.39
at speeds up to 1650 rpm. The l1limiting cathodic current densities
(Io) and the limiting anodic current densitiss (I_) are given in
the corresponding figures..

At limiting current when the interfacial concentration of the

reacting species becomss sero, the rate of ionic mass transfer of

e TR
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ferricyanide ion to the cathode or of ferrocyanide ion to the
anode can be expresssd as (1):
IL trer
Ne g (1l- ti) =k, 3, g d)
where I, = cathodic (Io) or anodic (I.) limiting ocurrent
densities, amps/cm®,
n = valence charge of reacting ion.
F = ﬁhe Faraday constant.
o, = bulk concentration of reacting ion, moles/coc.
ti = transference number of the reacting ion,
ky = average mass transfer oooffioiont; om/sec.
Since the estimated transference numbers of ferri~ and ferro-
yjyanide fons d1d not exceed 0,03 (and was usually muich lower) due
to the large excess of NaOH used as the indifferent electrolyte,

equation II can be rewritten as:

I

K = -;;-' = kLQO (IIa)

Thus by'means of equation IIa the average mass transfer co-
etticient,‘kc, for the torriéyanide reduction, and k, for ferro-
cyanide oxidation were calculated for each run,

From the mewasured valuss of viaooaity, ¢, density, p, and
diffusion ocoefficients, Dr;rri and Dpy o corrected to the tempera-
ture of the given runs, the corresponding Schmidt groups Sc =
p/pD were computed for the snodic and cathodic experiments.

The Reynclds number, characterizing the flow produced in the
cell, was found by the authors (see reference 32) to involve the
diameter of the rotating electrode as the characteristic length
dimension and not the gap between the cylindrical electrodes.

vt
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Accordingly the Reynolds number was computed as;:
V.d
i

Rd =

(I1I)

where V = periphersl velooity = om/sec,
di = diameter of rotating electrode, om.

v = kinematic viscosity, om®/sec.

2. Concentration Polarization and Chemical Polarization

It is clear that as far as mass transfer studies are cone:
cerned, it is not necessary for the electrode reaction to take
place with negligible chemical polarigation. The mass transfer
coefficient, kL, could be calculated for any current density if

in addition to the bulk concentration, ¢_, the interfacial concen-

o’

_tration, oy, Was known. Since an sccurate experimental determina-~

tion of o, is estremely difficult, mass transfer coefficlents are
most conveniently obtained from limiting current measurements, as
outlined in the preceding section,

However, an electrode reaction with negligible chemical
polarization was desirable in these studies in order to ascertain
experimentally whether correct predietiona of 1limiting ocurrents
and oconcentration polarization can be made from a general ma
transfer correlation for rotating cyiinders,

The ferri-ferrocyanide couple was therefore investigated as
to the nature of the polarization associated with both the
cathodioc reduction of ferricyanide and the anodic oxidation of
ferrocyanide on nickel electrodes. This was dona as follows:

a. From graphs of curpent'donnity,'I, versus total polariza-
tion, 4Ep (of the type shown in Figures € and 7),pairs of values
of I and lET were read off at equal current density increments and
tabulated up to current densities equal to 70-~75% of the limiting

current density.
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b. Using the cathodic limiting current, Io’ and the anodic
limiting current, I_, (both obtained for the same solution, cell
geometry and speed) the ccuncentration polarizetion, AByone , for
this redox couple was calculated (23, 33) for each current density,

I, by means of the following equationa:

Ry 1-1/;JU

8E o ™ §§ 1n /T, (for cathodic ocase) (Iva)
RT 1+1/1 o

8B 10.= oF 1n T:f7f: (for anodic case) (IVb)

¢, Chemical polarization (AE ) at each of the applied

chem.
ocurrent densities, I, wes calculated by sudtracting the caloulated

AE from the experimentally obtained total polarization, AEj,

oono.

109.0’ v
8E hem., = 4Ep = 8B ns. )

It 1s interesting to note that from equations (IV) and (V) for
the case of a redox electrode reaction with negligible ohemiocal
poiarization a piot of the experimental values of'AE.r versus log Q,

wheére
17 ;/Ic

- +
b . 1/1a

(V1)

(upper sign for cathodic ocase, lowsr for anodic case)

should yleld a straight line with the slope 2,303 Bg. Por the
rerriorerfooyanide couple n » 1 and expressing potentials in milli-

~volts (mV) the slope for experiments performed at 25° C should be

B9.1.

letually the derivation of this equation assumes that the
mags transfer coefficient is independent of the current density,
In forced convection such an assumption is well justified,

e e o b b D A et - B
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III. RESULTS AND DiSCUSSIOR

A. Correlation of Mass Transfer Rates

The ionic mass transfer resultes here presented were part of a
broader study involving dissolution of rotating cylinders cast from
Benzoic and Cinnamic aocid into water and aqueous glycerol solutions
(32). A general type of ocorrolation based on the methods of the

momentum-mass transfer analogy was obtained using the following

parameter;

3y =k (30)0-64 | (vII)

in which the Schmidt mumber Sc = ﬁfnooounta for the physical
properties of the system and kL is given by equation Ia..

' Pigures 7 end 8 show logarithmic i} ve. R, plots of the mass
transfer data for the reduction of ferricyanide and oxidation of
ferrocyanide respectively. Table 1 gives a typical set of data,l
including the physical propertiesr, for one of the five solutions
studied, Average deviations of the pointa in Figures 7 and 8 from
the best 1ine are % 7% and * 6.6% for the two electrode reactions.
These experiments involved a Schmidt number variatlon of 2230 to
3850 and a Reynolds mmber range of 112,.0-162,000 (peripheral
velooities 1.17 tc 426 om/sec). Limiting current densitio; varied
from 0,43 to 113 mA/om®, |

In Figure 9 the lines occrrelating the electrolytic data are
compared with result . obtained by solid dissolution studles. The
results for the various systems agree with each other within 7%
and 1lie all within the experimental errors involved in the

Ia;nplete data are given in Technical Report No, 2, Nonr

222(06), September 15, 1953 ("Mass Transfer at Rotating Cylinders’
by M. Eisenberg, C. W, Tobias and C. R. Wilke).

Bhoon Dosane et "

bl




Sl T T s L U o

]

N A - T 4

«l7=
detsrmination of the frictional drag coefficlent f/2 obtained by
Theodorsen and Regier (11).

Such an agreement is very encouraging in view of the Chilton-

Colburn analogy (34) which suggests that
v
ip = 4 (Sc) = £/2 {(VIII)

where ¢ (Sc) represents a function of the Schmidt number, (For
a detailed discussion see ref. 32,)

In Figure 10 all mass transfer data for three solid dissolu-
tion systems and the two electrolytic redox reactions were all
ploﬁted together. The best curve (within ¢ g8,3%) through all
points 1s represented by the ccordinates given in Table 2,

In the Reynolds number range 1000-100,000 the data are best
represented by a straight line (dashed in Figure 10) given by the
equation

-0 9,:"’0

J'D = % So.o°-644 = 0,0791 Rd (1x)

From equation (IX) a mumber of interesting praoctical rela-
tions may be derived,
Recalling that the mass transfer coefficient k = In/nFoo,

the following relations for the limiting current density may be

obtainoeds
Vdi) O..:So( v 0,644

I, = 0.0791 nFo, v( ~ 5

De
= nP -sg(ampa/cm') (x)

The diffusion layer thickness, 3, in om., 1s then given by:

o e o2

r P . Ak, hrn s
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where Vv
D
]
v

d1 = yotor diameter, om.

Thus the diffusion layer thickness @ depends not only on the :

With the assumption that 3 is independent of the rate (i.e.

Henoce for a given applied c.d., I, the concentration of the

=

rotaticnal s peed, but also on the rotor diamster as well as on.the
physical properties of the system such as viscosity and diffusivi-
ty. The latter three variables were not considered by Brunner(l4).

of the current density), as was suggested by Agar (6), one can

write: |
Fr =By -op czze)
where % and oy denote the bulk and interfacial concentrations

respeotively, . : |

reacting ion at the electrode interface ¢y may oe caloculated by

means of the relation

kinematic viscosity, om®/sec.
diffusion coafficient, om®/sec.
rotational speed, rpm,

é% w 4, = peripheral speed, cm/sec.

=]8e

1
i 0.0791 v0+70 d;V“-% w-0.544 -0, 358

d2.30 YO o544 D0.$56

= 12,64 x
. o i
= 99,62 370 (X1)
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The thickness of the diffusion layer, 3, is obtained for a given
geometry, speed and physical properties of the electrolyte by
means of equatien (XI).

Previous studies relating to mass transfer ai rotating slec-
trodes were limited in scope and can be compared to the precent
work only in respect to the functional depernlence on the rotation-
al speed. Rcald and Beck (18) found for rotating magnesium
electrodes:

vOe7

ky = conat, (X1I11)

This is in agreement with the results of the present study sinoce
equation (XIII) can be shown to follow from equation (V) for a
given system (constant v and Sc) and given rotor diameter, The
experiments of Brunner (14) involved rather impractical geometries
and poorly defined experimental conditions. His results may be
expressed in. the form: .

k; = const. (rpm)z/s' (xIVv)
For a given rotor diameter and given set of physical properties of
the system this relation is in approximate agreement with the
results of the present study..

B, limiting Currents and Concentration Polarization

1, The Nature of Polarization of a Redox Elesctrode

- Por the total polarization, A%, of a redox electrode
Petroocelli (32) obtained a general eqnationl which in a scmewhat

=odifised form may be written asi
II‘
AE. = RT:kll - 1, % ' xv)
Ep T+IT,

(1, + 1) exp(-aAETBET)

1Analogous relations have recently been obtained by a number
of investigators (35, 368),
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where IQ and I, @ absolute values of cathodic and anodic limiting
'current densities respectively.

I = applied current density (positive for cathodio,
negative for anodic case).

a = a constant between O and 1 (usually close to 0,5)
representing the portion of the electrical poten-
tial difference across the activation eunergy
barrier, which acts in the cathodic direotion.

10 = e¢xchange ourrent density, represeniing the rate of
forward (cathodic) and also backward (anodic)
reaotion at the reversible, 1.e. open, circuit
potential,.

Using the concepts of the absolute reaction rate theory (37)
it 15 possible to show (32) that the-excz;:ge current density

io'=%¥°o°°ﬁ (xv1)
where AF" = atandard free energy change of the activation process
. (1.e. at open circuit), ergs/mole.
N = Avogadro number, 6,023 x'lozs, molecules/mole.
h = Planck constant, 6,624 x 10'27, erg-se6/molecule,
k = Boltzmann constant, 1,3808 x 10"6. érg/°K-molecule,
6. = bulk concentration of the reacting .ion, moles/L,

n, F, R and T have the usual meaning,

Thus, at constant T, 10 derends only on the aoctivation
energy AF% and the bulk concentration, L of the reacting ioms,
For a given electrode reaction the activation energy can be
assumed to be constant provided that "electrode poisons" are
absent (22, 35), Under such conditions the exchange ocurrent

density, 1_, depends only upon the coucentraticn, ¢

o’ o’
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In equation (XV) the first term in the bracket represents
the contribution of the concentration polarization, and the
second represents the chemical polarization. The relative mag-
nitude of this second term depends primarily on Ia/io’ the ratio
of the 1limiting c.,d, to the exchange c.d.

For a glven electrode system fhe limiting c.d,., Ia’ increases
with the 0,70 power of the rotational veloclity, accoidins to
equation (X); 1 , however, remains unaffected. Henoe at high
rotational speeds, 1.e, large values of Iw/io’ the chemical polar-
ization should become significant in comparison with the concentra-
tion polariszation. It is obvious, fherefore, that in order to
ascertain experimentally whether a given'eleotrolyfio redox re-
action comes close to thermodynamic reversibility, i.e, takea.
place with a comparatively small chemical polarirzation, AE& vs. I
curves mist be obtalned at high rotational speeds. From such
curves (see for example Figures 5 and 6) plots of the total polar-

‘ 1+ 1I/1
ization, AET againat log I_f'I§f§ can be preparad as desoribed

previously. A comparison of equations (IV) and {(XV) shows that if

chemical polarization is negligible, 1.0, AE, ~ AE the ex-

conc,?
perimental points in suoch plots should fall close tova straight
line with a slope of 59,1 (at 26° C, expressing polarization in
mV). This ype of plot is very convenient as thoe distance of a
given poin% from the straight line with the slope 59,1 gives di-
reotly the value of the chemical polarization and demonatrates the
importance of the latter relative to the concentration polariza-
tion (see for instance in Figure 13),
Tables 3~-7 giva typlecal sets of results for several ferri-

ferrocyanide solutions. The values of A=

conae., and Athem. ware

,,,.-*v._-.‘ o
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oaloulated according to equations (IV) and (V). Data for three
experimental series were plotted in Figure 1l. The solutions used
were oniy 0.00 m. and 0.0i m. in ferri-~ or fexrooyanide, henoe
according to equations (XV) and (XVI) some chemicsl polarization
may be expected. However, as Figure 11 shows, even up to periph-
eral velocities of 157.3 om/sec the total polarisation, AE,
consists almost entirely, within limits of experimental accuracy,
of concentration polarization.

The predominant importance of the stirring rate as repre-

. sented by the peripheral velocity, V, is interestingly demonstrat-

ed in Figure 12 for a solution of a relatively high ooncentration
(ﬁumber 9, approximately 0,20 of Fe(CN);3 and\Fe(GR)E‘), For rﬁna
up to a velooity V = 116 cm/sec the data fall close to the straight
line with a slope 59.1, the value for the so-ocalled reversible
electrode, At higher speeds, 1.,e, when the ratio I /i increases,
chemical polaristatién becomes relatively signifiéant. For in-
stence at V = 333 om/sec, when the csnoentration polariszation 1s
59.1 mV, the corresponding ochemioal polarii‘tion nas already
reached 1¢.,4 oV (Figure 12). Hence, in case of a reaction where
Ia/i° is not very small, it is poéaible to inoraase this ratio by
increasing I, with stirring (rotational apeéd). In this way a
reaction in which the polarization is predominantly oentrolled
by mass transfer (i,e, concentration poiarization) may be con-
verted to ons which is under aotivation control, involving large
chemical polarization.

As shown previouaiy the exchange curront density, 10, de~
pends greatly on the activation energy AF® necessary for the

reaction to proceed. The latter has been found by many investi-

[OPNPIS I AL
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gators to inorease in the presence of elestrolytic poisons (2¢,
85). Thus, according to equation (XVI) the exchange c.d., 1.,
may ve cxnacted to decrease significantly under such conditiohs.
Indeed, in a special study on the effects of the better known
electrode poisons Gerissher (35) found, for instance, that at
platinum electrodes treated with a 2x10”8 m, HeS solution for
one mimute and 60 minutes respectively, the exchange c.d., 1,
for the Fe+5/Fo+2 couple dropped to 10.,8% and 1,7% of the original
(active state) value, respectively. The highly alkaline solutions
ueed in the present studies, when exposed to air, could diaaolve
an amount of HgS sufficient to decrease 1 and ccnseqnently in-
crease the chemical polarization. The effacts of other electrode
poisons should, of course, be taken into account as well, For
instance, HCN formed through the photochemical decomposition of
ferroocyanide may be oxpocted to exercise a powerful effect..
Several investigators (38, 21) have also concluded that even
electrodes made of "noble" metals such as gold, silver and nickel
become gradually covered with oxide films (when used in air-
saturated solutions) causing a large inorease in polarization.

In a speclal study designred to demonstrate the effect of
electrode poisons, AET - I data were obtained for an alkaline
ferro-ferriocyanide solution, whizh was exposed to air and light
for several Adays. The nickel electrodes, used in this study, were
cleaned in the same manner as described previously, but were not
given any cathodic hydrogen discharge treatment., Figure 13 shows
the results for solution No. 1 in the form of 4E, vs. log Q plot.
Large chemical polarizations (demonstrated by the deviations from

the AEconc.'lin°) were obtained in spite of the relatively low

LN
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rotational speeds (up to V = 56,6 cm/sec). The values of AE

-59.1 mV and AE -47.,2 nV (hence AEq = «107 aV) indicated in

chem,”
Figure 13 (cathodic zase) are for an applied c.d, of 12,1 mA/cm®
and a peripheral speed of 24,6 cm/sec, It is interesting to comr
pare these with a freshly prepared solution (number 9) at about
the same c,d, and rotational speed.1 Thus at & c,d, I = 12 mA/om®
and V = 20 om/sec a total cathodic poiarization (AEp) of only ~43,
~43,6 mV was measured for solution number 9 (see Table 6 ), The
cerresponding conoentration polarization was calculated to be

5 Hence no measurable chemical polarization was deter-

-47,1 mv,
mined in this case, while at the same c.,d. in the case of the
"poisoned" electrode, &E, .. represented about 45% of the total
electrode polarization.

With regard to the ferro=ferricyanide couple the following
conclusions may be drawn on the basie of the present study.

(a) Only freshly prepered and de-aerated alkaline potassium

- ferri- and ferrocyanide solutions should be used with & maximum

possible exclusion of light., The eleoctrode (platinum or nickel)
should be given a cathodis hydrogen treatment prior to each

experiment .,

1The difference in concentrations of the reacting ions be-
tween solutions mumber 1 and 9 (a factor of two) does not sig-
nificantly affect this comparison, primarily because the ratio
{g/io is independent of the bulk concentration of the reacting
on,

2Actua11y the absolute value of the total polarization, 0By,
cannot be smaller then that of concentration polarization AE
Whenever this seems to be the case, it must be attributed no GG
only to experimental inaccuracies but partly also to the possi=-
tility that the achievement of a steady state polarization of the
eleotrode was not quite complete. Fortunately in no case were
these deviations very serious.

=
cone.
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(b) With the above precaution a reasonably small chemical
polarization, AEchem.’ 1s assoclated with the electrolytic redox

reaction, The amount of AE involved depends cn the magnitude

chem,
of the Ia/i° ratio, i,e., on the rate of stirring (on which the
limiting c.d., I , depends), For rotating electrodes up to 2
peripheral velocity of V = 115 om/sec the elcotrode reaction is
predominantly mass transfer controlled and the ohémical polariza-
tion is negligibly small. The above peripheral velocity corre-
sponde to a 3eynolda number of 11,000. It should be reasonable to
agssume that in many other types of flow up to Rd = 11,000 a negli-
gible AE ., may ye expected for the ferri-ferrocyanide coupis,

(o) Under conditions (see above) at which the total elec-

trode polarization is almost sntirely represented Sy concentration

polarization, the general mass transfer correlation for rotetinrg
cylinders (equation VII) ocan be used to predict the diffusion
layer thickness, 3, the limiting current denaity,.lc or I, and

the noncentration polerizaiion, AE .(aeo equations X, XI and

conao.
IV). Conversely from a given measured polarization the inter-
facial oonocentration, Sy of the reacting ion may be calculated
at an applied current density.

To illustrate the latter point,lcalculations of 3, I, I,
and bEconc. have been carried out below for a rotating electrode
ia an alkaline potassium ferro-ferricyanide solution, To facili-
tate a comparison with experimental measuremants the physicsl data

for one of the systems studied were used,

\
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2. Illustrative Example

Assumed Solutioen: 0.1876 m KsFo(CN)6
(Equivalent to Solution No, 9) 0.2027 m K4Fe(CN)6

2.004 m NaOH
Data:

Electrode diameter, di = 1,273 em

Rotational speed, S = 300 rpm

Peripheral Velocity, V = §5 v 4, = 390 x 3,1416 x 1,273
' = 20,0 om/sec

Reynolds number, R, = 1,769

Temperature, 25° C

Kinematic viscosity, v = 1,423 x 10™2 cm®/sec

Diffusion coefficient of ée(cu)'3 ‘ = 0.454 x 1070 cm®/sec

b

s Dpgppo= 0390 X 10
-3

= 0,1976 x. 10 -
-3

’ Dforri

Diffusion coefficient of Fe (CN)™4 cm®/sec

Concentration of Fe (CN)™> moles/cc

» Cforri

Concentration of 15'9((211)"4 = 0,2027 x 10" moles/cc

» Sterro

Diffusion Layer Thickness, 8
From equatien (XI): '

Hence for the cathodls oase:
Spgppy™ 12464 (1. 2'73)° %0 (20, 0)-0,70(1 423)0+54% (0 4545107506
= 4,840 x 1070
fopmo= 12+64 (1.275)°'3_°(20.o)‘°"’°(1.423)°-*"“(o.590x1o'5)°~’55
= 4,585 x 10‘3

3

Limiting Current Densities

Cathodic limiting c.d.,

_._ 1l x 96,500 x (0,453 x 10 %) -3
I, = Crerrt .___._z__..__i_;_s._______ (o,1gvij 10™%)

4.840 x 10
= 17,89 x 10~ amps/cn® = 17.89_Wcm‘

S

=
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as compared to experimentally determined
Ic = 16,6 mA/cm®
Deviation = 7,6%

Anodioc limiting c,d,,

nFD 1 x 96,500 x 0,390 _x 10°5) -
I = c = . ] s > 0,2027 x 10 3)
8~ Sgerro ferro 4,685 x 10~° :

= 16,64 x 10™° amps/cm® = 16.64 mA/cm®
as compared to experimentally determined

I, = 16,4 mA/on®

Deviation = 1,5%

Concentration Polarization at Applied c,d,, I = 10 mA/om®

| 1 -1/1
) 1-10/1%7.89
Cathodic b.'Eoonc.ﬂ 59.1 log 1—-,;—17-i: = 59,1 leg m
= ~33.1 mV

as compared to the experimentally measured total cathodic

polarization
AEr = -33.0 mv
| 3+ I/1
N 1+10/17,89
Anodic AE = 58,1 iog o c = 69,1 log ¥— ;E-'u
conc, T I?T‘ & 1=10 .

as compared to the experimentally measured total anodic

polarization

Hence chemioal polarisztion is negligiovls for these cathodies
and anodic runs;and prediction of the total polarization AET is

possible. It should be noted that the general mass transfer
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correlation enables the predioction of ilmiting currents and con-
centration polarization even when the chemical polarization is
large; however, then the total electrode polarization zould not

bs calculated.

Tne frerro-ferricyanide .eouple can thua.bo used conveniently
to study mass transfer in liquids for wvarious types of geometlries
end hydrodynamic conditions. The advantages of using an electro-
lytic rsdox reaction over solid dissolution for purposses of study-
ing rates of mass transfer are:

{a) Achlevemert of steady state in a relatively short time.

(b) Direct control of rates, i.,e. appiied current. (This
is no% posaidble in case of snlids.)

{c) Preservation of the smooth interfacial surface through-
out the experiment.

(d) Higher accuracy and convonience in determirstion of the
rates of mass transfer.

The present study has proven that, when properly carried out,

the ferro-ferricyanide electroic reactions may be considered to

‘remain predominantly under mass transfer control up to stirring

rates corresponding to Bd = 11,000, However, the chemical polar-
ization-is essentially present whenever finite currents are passed,
and becomes significant &t high stirring reates. The reaaon Essin
and co-workers (23) could claim that the eieotrolytic reactions of

erri-ferrosyanide aoapla‘iavaiéiiaﬁly sonceniration polariza-
tion is that their experiments were carried out at low stirring
rates,

Under proper exparimental oconditioms, when the concentration

polariszation is accounted for, the ferri-ferrocyanide couple is

o e WMy At
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not far from thermodynamic equilibrium, i,e; the activation energy
AF* i3 not very largéa For the oieétro*chqmical reaction which
ﬁakeu place at.the eléctrbde intirface itself Lewartowicz (36)
discussed two ratebdetermining atepa, One step involvea the
eleot?on transfer at the interface of the electrode, the other
the éhange in the hydration of the ion undergoing the recharge,

For the ferri-ferrocyanide couple this may be expressed as:

Fe(CN)g  (Bg0), § o~ ———>Fe(CN)z(He0) + (m-n)Hg0

Numerocus investigators (39, 40, 41) have found that an ion is more

hydrated the larger its charge and the smaller its radius. Hence

the activation energy of the total process ia composed of the
energy necessary for the electron passage between the ion and
electrode and of the hydration energy. The latter depsnds orly
on the state of hydration of the oxidized. and reduced ions but

t#b former 18 probably tha one which is affected by the presence 3
cf electrolytio.pbgeona edsorbed at the electrode surface.
ﬁdwaﬁtowig;'p experiments (38) on Fe+§/Fe+25 Cp+4/be+s:and
quinone/hydroquinone couples haye shown & small chemical pelar-
1§at;on to be involved in each case. His results support in a
general sense the.a§ove discussed mechanism of the:eleotroiytic; '
redox reaction.

It seexme rQaaonablo that eleotroda reactions involving only
electron transfer and change in the degree of ion hydrationfyould

1@V¢1Vo small activation energies, compared to reactions involv-.

ing the breaking or formation of chemical bonds. ;




ek LTI Frap

- A

e v in g

2,

3..
4,

?10.
-11.
.12,

13,

.
15,

16,

7.

18, .

19,
20,

21 .

~30=

LITERATURE CITED

Eisenberg, M. Studies on the Role of Ionic Diffusion an:
Mass Transler In Elecirode Processes, M,S. Thesis,
niversity of California, eley (1951),

Tobias, C. W,, Elsenberg, M., and Wilke, C. R. J. Electro-
chem, Soc. 98, 359¢ (1952).

Wagner, C. J. Elestrochem. Soc, 95, 161 (1949).

Wilke, C. R., Eisenberg, M., and Tobilas, C. W,, J. Electro-
chem 100, 513 (1953).

Levick, B, Acta Physicochimica (U.S.S.R.) 17, 257 (1942),
Agar, J. N. Disc..Faraday Soc, 1, 26 (1947).

Iin, C. 8., Denton, E. B,, Gaskill, N. 8., and Putnam, G, L.
Ind.. Eng. Chem. 4§, 2136 (1951). o

Lin, C. 8., Moulton, B. ¥.,.and G. L. Putnam. Ind. Eng.

Chem..45, 636 (1953).

Taylor, G, I. Phil. Trans. Roy. Soc. (London) 223, 289
(1623); Proc. Roy..Soc. (London) A:151, 494 (1835).

Pai, ‘Shih-I, NACA Tech. Note 992 (1943).

‘Theodorsen, T., and Regler, A, NACA Report 795.(1945),

Kolthoff, I. M., and Lingane, J. J. Polarography (24 ed.)
Interacience, New York, 1952, .

Tsukamoto, T., Kambara, T,, and Tachi, I. J, Electrochem,
Assoc. (Japan) 18, 386 (1950). '

Brunner, E. Z. physik. Chem, 47, S¢ (1904).

Norna?igggs and Merriam, E. S. Z. physik, Chem, ‘53, 236

Bucken, A, Z, Elektroohem 38, 341 (1932).

. Kambara, T,, and Tlukamotp‘-m. J. Electrochem. Assoc,

(1-....-.. 10  *®|Ee I'IﬂBO
VRpas) 4dpg WYUU Ve

\AOU
Raold, B,, and Beck, W, J. Eleotrochem, Soc, 98, 277 (1951).
Friedenhagen, C. 2, Anorg. Chem. 28, 396 (1902).

Grube, G, 2. Elektrochem, 18, 189 (1912): 20, 334 (1914).

e ) ko et & O S $ShR A 5 A 4 o 8 e —2
Lha v




AT e oy

22,

23.

4.,

25.

31.

32,

3.
34,

385,

36.
37..

a8,

39..

40.

‘41,

5]

u011, w. L' H.'; Z. phyaiko Ch‘m. é m" 353 (1936).

Essin, 0,, Derendiayer, S,, and Ladygin, N. J. Applied Chem,.

(Uo.s‘.so..ao)' 2-.3_' 971 (1940)0

Carmody, W. R., and Rohan, J. J. Trans. Electrochem., Soc.
83, 241 (1943)..

Petrocelli, J. V,, and Paoclucei;, A. A, J. Electroochen,. Soec.
8, 201 {(1961)..

Matuschek, J. Chem. Ztg. 26, 601 (1901).
Iimori, S. 2, anorg..sllgem, Chem, 187, 146 {1927).

Kolthoff, I. M,, and Pearson, E. A. Ind. Eng., Chem, Anal,.
Ed4, S, 381 (1931).

Kolthoff, I. M., and Furman, N. H, Volumetric -Analibéd,
Vol. II, p. 427, J. Wiléy and Sons, New York, 1 e
Sutton, F. Volumetric Analﬁcis, 12th ed., p..235, Blakiston

Son and Co,, adelphla, 19836,

Anderson, J. 8., and Saddington, K, J. Chem. Sooc, S381
(1049).

‘Eisenberg, M., Tobias, C. W.t and Wilke, C. R, Technical
(o]

Report No. 2, Nonr 222 (06).
Petrocelli; J. V. J. Flsctrochem, Soc. .98, 187 (1651},

Chilton, T. H,, and Colburn, A, P, Ind., Eng. Chem, 26,
1183 (1334). ‘ it

Gerischer, H. 2, Elektrochem. 54, 362 (1950); 5§65, 98 (1961), .

Lewartowicz, E. J. Chimie Phys. 49, 557, 564, 573 (1852).

Eyring, H., Glasstone, S., and Laidler, K. J. J. Chem, .
Phys. 7, 1063 (1939).

. Le Blanc, M. Abh. Busen Ges. Fo. 3 (1610). .

. Brintegiger, H,, and Ratanarat Ch. Z. anorg, allgem, Chenm,
geg, 113 {1935, |

Sachsss, H. Z. Elektroohem. £0, 531 (1934).
Sutra, G. J. Chimie Fhysique 43, 180 (1943). .

LT &

\



e e el AR TP moin Y

e e o : |
o o]

(-

xR O
[~

o 0 © X

-329 o

_ . .
Definition Units

Interfdcial area for mass transfer om®

Concentration of reacting ions in the

bulk of the solution moles/oo

Concentration of reacting ions at the

electrode interface moles/cc

“Bulk concentration of ferricyanide ions moles/cc

Bulk concentration of ferrocyanide ions moles/cc

Diameter of the inner rotating eélectrode om

Diameter of outside statienary electrode om

Diffusion coefficient of species k cm®/sec
Total polarization .\
Concentration polarization mvV

Chemi cal polarization mv
Faraday eéquivalent . 96,600 coulémb/equiv,
_Exchange current density amps/cm®
Current density nA/om®
Anodic limiting durrent density mA/om®
Cashodic limiting current density mA/cm®
Mass transfer coéfficient, generally om/sec
Mass transfer coefficient at the ancds cm/sec
Mass transfer cocafficient at cathodse ca/sec

T WTE W ew wwew s wee

Raté of mass transfer moles/om®egec
Universal gas constant, 8,313 x 107 erg/*K=mole
Rotatiénal speed - Ppm
Time sac

o O

e
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Symbol
T

Zcp

< F = o

Ao

15

ﬁggenolagura eont.

Definition - Units
Temperature X
Peripheral velooity at the rotating
oylinder sm/aeo
Zero current potential (statioc potential
difference between an invesvigated
eleotrode and the reference ocell) nV

REEK SYMBO

Fractions of electrical potential difference
across the activation energy barrier aoting in
the sethodic and modic 4 rectien respectively.

Thiockness of diffusion layer cm

Xleotrical conductivity of a solution ohm™Lom™

Dynamioc viscosity g/cm-seo

Kinematic viscosity om®/sec

Density g/cn®
DIMENS JONLESS GROUPS

1/1,

Q= T—f_f7E: Ratlo used in AE .
sign for cathodic case, lower for anodic). .

iaaer oylinder.

Sochmidt number for mess transfer of species k. .

caloulat ions (upper

Reynolds number tased on diameter of rotating
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Table 2

Coordinates of the General Mass ‘rranafer Correlation Curve
for Rotating cundera (see Fig., 10).

Ry Ip' x 10° ‘
200 18,4
500 13.0
1,000 10.2
4,000 6.53 :
10,000 4.88 ;!
30,000 3.54 :
60,000 2.96
100,000 2.61 :
200,000 2.24
300,000 2,05
?
3
o
S
|
!
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|
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Table 3

Concentration and Chemical Polarizations
at Various Rotational Speeds
end Current Densitles

Solution No. 13, Series II,

Initial composition : (0.04996 m/L %FO(CN)S
(0.05052 m/L K Fe(CNjg
o (1.923 m/L’ Naofl
T = 25.0°C.
Rotor dlameter (dy; = 5.024 cm.
Outer cylinder d.smeter (dp) = 9.87 cm.
I Cathodic Reduction of Fo(CN)3> Acodic Oxtidation of Fe(oN)g?
& )
AE<:om:. Aa{‘ AEchem = AE conc. AET M’:chem = :
Run . (calce.) (meas.) AEI. - AEconc. (calc.) (meas.) AE‘T'Ah‘conc. :
No. rA/cm mV mV mV mV nv aV
{
1208 rpm; V = 318 cm/sec. I = 22.00 mA/cm®; I, = 21.00 mA/ca®. i
15a 2 -4.5 -4.0 0.5 4.8 4.c -0.8 !
‘ -906 -901 005 9'7 8:1 -1.6 i
6 -1406 -12.4 202 14.8 1204 ‘2" d
8 -19'9 -17.2 2." 20.5 17.2 -3'1
10 -25.8 «21.6 4.0 26.3 21.6 -4, 7
12 «31.9 =26.7 5.2 33.0 27.8 «5.2 =
14 -39.1 -34.1 5.0 40.8 36.3 -4.5 1
18 -47.9 -43.0 4.9 50.9 50.0 «0.9 3
18 -59.8 «56.7 E 3.1 65.5 6702 1.7 5
18.5 -63.6 -61.6 2.0 70.5 72.8 2.3 i
302 rpm; V = 73.4 cm/sec, I, =8.20 mA/cme; I, =8.10 mA/cm2 i I
15 1. -6,3 -6.4 ~0.1 6.3 6.4 0.1
2 -12.8 ~13.0 -0.2 12.9 13.0 0.1
3 -1907 =2°03 -006 1918 2003 0.5
4 -27.5 -28,9 -1.4 27.7 28,9 1.2
5 "3605 -39.7 3,2 36.9 3907 2.8 4
6 -4’8. 1 --‘33. 9 -50 8 ‘8. 8 530 9 50 1
102 rpm; V = 26,8 cm/aec. I, =3.96 mA/cnz; 1, =3.80 :nA/cm2
16¢ 0.3 -4.0 -4.0 0.0 4.0 4.0 0.0
006 ‘-3'0 -7'9 001 800 "'9 -001
0.9 -1201 -1201 0.0 1202 1201 -001
1.2 -16.3 -16.7 -0.4 16.6 16.7 0.1
1.5 -2008 ‘20. 9 -0. 1 21. 1 20- 9 .00 2
1.8 -25.5 -26.0 -005 2601 28.0 -001 ‘
2.1 «30.7 =31.2 ~0.5 31.8 31.2 -0.4 |
2.4 -36.,6 -37.1 =0.5 37.9 37.1 =0.8 ;
2.7 -43,3 -14,2 =0:9 45,2 44.2 -1.0 i
3.0 -51.4 -54.2 -2.,8 54.5 54.2 =0.3
3.3 -62:1 ) -68,0 5.9 67.7 68,0 0.3
3'36 -64.8 -7100 -602 7103 71.0 -005
25 rpm; V = 6,58 cm/sec. I = 1.8l mAfem®; I, = 1.74 mA/cn® l
15& 0.2 ‘5'8 "502 -0.4 508 6.2 c.“l !"
) 004 ‘11-7 -12-1 -O.f 11.8 12.1 003 { !
E 0'6 -17.8 -18.5 -OQ" 17»8 18.6 o." 1 N
0.8 -24.7 -25.3 -0.6 25,2 25,3 0.1 l l
1.0 -32.3 -33.0 -007 33'3 3500 -0.3 :
1.2 -41.4 -42,.6 =1.2 43.1 42.6 =0.5 i
1.4 «53.3 55,2 -1.9 56.7 57.0 =0.3 ;
1.5 -61.2 -64.7 -3.5 66.3 68,7 2.4 !
%_
by !
1+ 1I/I
. c 1
8B one (mV) = 59.1 Log T"-f—i-]i;'

(Upper sign for cnthodic case, lower for anodic.)



Table 4

Concentration sand Chamical Polarizations
at Verious Rotational Speeds
end Current Denaities

Solution No. A-12, Series 1
Initiel composition: (0.01118 m/L :sro(cn) :
(0.01424 m ?o(cu)s
o (2.011 m/L Neoft
T = 25,0 C.

Rotor 4iameter (d,) = 5,024
Outer oyl inder dtdmeter (d ) = 13 €9 cnm.

e

I Gsthodlc Reduction of Pe(CN)g> Anodic Oxidation of Pe(CN)g®
8Bcone, 4Bp 8Bohem. ™ - 8Beone, By 8% onem. ”
Run (osdo.) (moas.) AEp = 8Ecgpel (osle.) (nens,) ABp = AR
No. mA/ ome aVv mV nv nv nv nV
1295 rpm; V = 322.24 om/asc. I, = 5.88 mA/om‘; I, = 5.91 mA/on®, 5
|
1“ 0.6 -5.‘ -5.2 002 4.8 5.2 0.4 i ‘
102 -901 -1007 -106 11.0 1102 0.2 f
108 -1605 -16.1 0.‘ 1608 17'5 0.7
2.4 -22.8 -21,8 0.8 £3.2 23.2 0.0
3.0 -29.‘ -27.9 1.5 30.‘ 30.0 .00‘
3.6 .37.1 -35.8 .3 38.8 38-1 -o."
4.2 -48,5 -468.5 0.0 49,6 49.9 0.3 .
"8 -58.8 .6105 -2.7 58.0 “01 . 601
501 -6708 -7190 -302 6609 76.6 9.7
598 rpm; V = 157,31 om/sec. I, ~ 3,38 mA/emt; I, = 3,43 mb/or®.
1“ 0. ‘ .8.1 .60 2 -0. 1 6. 1 6. 2 0. 1 ¥
0.8 -12,3 =12,8 -0.2 l12.82 12,8 0.3 i
102 .19.0 -1901 -°n1 18.9 1901 °n2
1- 6 -25-3 -28.3 0. 0 260 1 26.3 002
2.0 -34.8 =J34.3 0.5 34.4 34.9 0.5
20‘ -‘5.‘ -“09 105 “oa 45.3 005
2.8 =60.3 -58.3 2.0 59.1 59.2 0.1
3.0 .70.1 -7000 001 69.9 70.0 0.1
101 rpm; V = 26.569 om/sec. I, = 0.98 mA/om’j I, = 1.02 mA/on®.
léc 0.1 - =B,2 «5.0 0.2 6.1 5.0 0.1
0.2 -10.4 =10.2 0.2 10. 4 10.2 ~C.2 i
0.3 -16.0 -156.7 0.3 28, 15.7 =0.1
0.4 -21.9 -21.7 0.2 21.6 21.7 Ged 1
005 =28, 5 .28.2 0.3 270 9 28'2 0.5
0.6 .3602 '36'0 0-2 35.0 36.0 1.0 1
0.7 -45,5 =40,5 1.0 43. 8 44,8 1.2 :
0.8 -58.3 .6200 -307 5‘06 5507 101 :
0.85 -67. 4 =72, 5 =5.1 6.8 62,1 0.3 1
l
26 rpm; V = 6.8395 ca/sec. I, = 0.385 mA/om’; I, = 0.430 mA/om®. i
le4 0.05 -8, 4 -8, 7 0.3 68,3 8.5 =0.8° !
0. 10 -130 1 -13. 7 .OQ 6 120 7 1802 -0.5 1
0.15 '20.‘ .2005 '001 19.‘ 18-8 '0.6 A
0020 -2806 -2901 -005 2608 2606 -0.2 '
0. 95 -38. 7 -380 5 0. 1 350 2 35.\ s *0.3
0030 -5203 .5100 103 ‘5.‘ “.8 -0.6 '
0.33 ~64.5 =62.7 1.8 63.4 51.0 2.4
0.36 - - - 58,9 57.1 -2.8

[F S Basin i S5 s ot @3 ot 3 A v N
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Tahle §

Concentration and Chemica) Polarizations

at Various Rotationasl Speeds

and Current Densities

Solution No. 9, Series I
Iaitial composition: (0.1994

? = 25.0%.

Rotor diameter (d4) = 1,273 em,
Outer cylinder diameter (dy) = 9,87 cm.

m XzFe(CN)
(0.2030 m/I, Kqta(CN)g
(2.004 m/L NaOH

I Cathodio Reduction of l“o(GN);5 Anodic Oxidstion of Fe(CN );4
8B¢ono, AEp 8Bchem, = 8Econo, &by . 8Echem, ™
- . {calo.) (moas. ) 8Br - 8Bgone) (cale.) (zeas.)  ABp-4Eqqne,
Yo, mA fom mV mV mV nv mv mV '
1724 rpm; V = 115 cm/aec. I = 52.4 mA/en®; I, = 52,0 mA/en®,
17. 2 -200 '206 -006 2-00 1-9 "0-1
5 -4,9 «5.6 =0.6 $.0 4,3 =0,7
8 -7.9 -804 -005 709 701 -008
10 -100 0 -100 ‘ ‘0. ‘ 9. 97 9- O -10 0
12 =12,G =-i2.5 =0.5 12.03 11,0 1,0
15 .1502 -15'8 -006 1502 13.9 "103
20 -200 7 -22- 0 -103 20. 8 190 2 -10 G
26 -26.7 -28,6 ~1le9 26,9 26.0 -0.9
30 -33.5 .35'9 -204 33-7 3300 "007
36 -‘10 6 -‘400 -204 4109 ‘10 6 -0.3
“0 -5108 -5‘.2 -204 53.4 5206 -008
45 -66.5 -68,6 -2,0 67.5 66.7 -0.8
300 rpm; V = 20,0 cm/ssc. I, = 16.6 mA/cm®; I, = 16,4 mA/ca®.
17b 2 -6025 -506 006 6.3 505 "0.7
‘ -12068 -1105 102 1105 ]1;5 o.o
6 “190 60 '170 7 10 8 190 6 170 %7 '1- 9
8 "2701 -2405 206 2"03 2405 ‘2.8
10 =55, 9 -33.0 2.9 36,3 32.8 =3.5
12 -47,1 -43.5 3.6 47.8 43.6 -4,2
14 -63,5 =59.7 3.8 64.9 53.7 5,2
14,5 =69, 4 -686,0 3.4 7.4 66.0 -B,4
102 rpm; ¥ = 6.80 cm/ssc, I, = 8.8 mA/cm2; I, =8.9 mA/cnz.
170 1 -508 -507 001 5.8 5'8 0.0
2 -11.8 -11,.9 -0,1 11.7 11,8 0.1
3 -18,2 -18.4 -0.2 18.06 18,2 0.1
4 '25' 1 -250 6 -005 25. 0 250 6 0. 6
5 -33.0 -33-1 -001 3207 33.3 0.6
6 -4207 -42t6 001 4202 42-5 0.5
ki =EE, % -84,4 1.3 54,7 54. 4 «0.3
705 -6409 -64.0 009 &-‘06 62.0 "108
) -7706 -7602 10" 700'; 73'2 aZeZ

[ SEPUNURIRS PSS
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Table 6

Concentration and Chemical Polarisations

at Various Rotational Speeds

end Current Denaities

Solution No. 9, Series II
Initial compcsition: (0.1994 m/L KzFe(CN)g

7 = 25°C,

Rotor diameter (d1) = 5.024 cm.

(0.2030 m
(2.004 m,

K4Fo (CN le
NaOH

Juter cylinder diamater (do) = 9.87 om.

b { Cathodic Reduction of Po(cn);° Anodic Oxidation of Foiuﬁ);‘
8Bcorc, ABp ABchem, = 8Bg0nc, ABp 8Echem. =
e (calc.) (neaa.) ABp-ABsone. (cale.) (moss. ) 8Bp=8Fqong.,
No. | ma/es®| mv mV nv mv P v
1265 rpmg V = 333 cm/sec, I, = 90.4 mA/cmz; I, = 87.0 uA/cne.

13‘ 5 -2.9 '3.1 '3.2 2.9 ‘09 2.0
10 5o 7. -7.5 -1.8 5.7 9.8 4.1

15 «8,7 11,6 -2.8 8.8 14.6 S.8

20 -11.7 -16.5 .3.8 12.2 19~2 ?.O

26 -14,8 -18.6 -3.8 15,0 23.1 8.1

30 '18.0 -2306 -5.6 18.2 28. 9 10.7

36 «21.3 «28,0 -8.7 21.7 34.7 13.0

40 -2‘.7 .33.2 -8.5 25.2 38.3 13.7

45 «28.5 «38,0 -9.5 29,1 43.2 14.1

< 50 =32.3 -43.1 «10.8 33.3 48. 7 15,4
55 -3607 -48.7 -1200 3”.9 5‘03 16.‘

eo -‘10‘ -5501 -13.7 ‘203 60. & 18.1

65 -‘70 0 -62. 3 -150 3 ‘9. 2 6"0 4 5 18. 2

1 70 «53.5 «70.8 «17.3 56,7 7%.0 16,3
75 -6105 -81.8 -2003 66.5 8316 17.0

7" '65.‘ -8703 -21.9 71.3 8803 17-0

657 rpm; V = 173 om/sec. I, = 55.6 mA/bmz; I, = 55.6 nA/bnz

1% 3 -208 -3.0 -092 2.8 303 005
6 5.6 =5.9 -0.3 5.6 6.8 1.2

9 -8.‘ '9.2 -0.8 8.4 10.2 1.8

12 =11.5 -12.3 -1,0 11.3 13.9 2.6

15 -14,2 «15.3 =-1l.1 14.2 17.5 3.3

18. «17.3 «~18,6 -1.3 17.2 21.1 E.9

21 «20.4 =-22,0 «1.6 20,4 25,0 4.6

2‘ '23.7 -250 7 '2-0 23.” 29-0 5.3

27 '2”.2 -29.3 .211 27.2 33.1 5. 9

30 =-31.0 «33.2 -2.2 31.0 37.1 6.1

33 =35.0 «37. 4 -2.4 36.0 41.7 8.7

36 -39.5 .‘107 ‘202 39.5 ‘6-1 6.6

30 -44.6 -46.8 2.2 44.6 61.3 6.7

42 -50.6 «53.0 -2.4 50.7 57.3 6.6

45 -57. 8 -600 0 '2. 4 57. ] e‘o ‘ eo 8
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